We previously demonstrated that ginsenosides Rg1 and Re enhanced the immune response in C3H/HeB mice but not in C3H/ HeJ mice carrying a mutation in the Tlr4 gene. The results of the present study showed that both Rg1 and Re inhibited mRNA expression and production of proinflammatory mediators that included tumor necrosis factor ␣, interleukin-1␤, interleukin-6, cyclooxygenase-2, and inducible nitric oxide synthase from lipopolysaccharide (LPS)-stimulated macrophages. Rg1 was found to be distributed both extracellularly and intracellularly but Re was located only extracellularly to compete with LPS for binding to Toll-like receptor 4. Preinjection of Rg1 and Re into rats suppressed LPS-induced increases in body temperature, white blood cell counts, and levels of serum proinflammatory mediators. Preinjection of Rg1 and Re into mice prevented the LPS-induced decreases in total white blood cell counts and neutrophil counts, inhibited excessive expression of multiple proinflammatory mediators, and successfully rescued 100% of the mice from sepsis-associated death. More significantly, when administered after lethal LPS inoculation, Rg1, but not Re, still showed a potent antisepsis effect and protected 90% of the mice from death. The better protection efficacy of Rg1 could result from its intracellular distribution, suggesting that Rg1 may be an ideal antisepsis agent. D espite significant advances in the development of antimicrobial chemotherapy and supportive strategies, sepsis remains a significant cause of morbidity and mortality in humans (1). In North America, more than 750,000 patients develop sepsis annually and about 215,000 of the cases of sepsis result in death. The incidence is gradually increasing by about 1.5% per year (2). Evidence indicates that sepsis-induced lethality is often accompanied by a failure to develop appropriate immune responses to invading pathogens, particularly to their components (3, 4). Lipopolysaccharide (LPS) is a main constituent of Gram-negative bacterial cell walls (5) and is considered a leading cause of sepsis (6). Toll-like receptor 4 (TLR4) and its coreceptor, myeloid differentiation factor 2 (MD-2), form a heterodimer to recognize LPS because mice lacking either molecule are hyporesponsive to LPS (7, 8) . The interaction between LPS and TLR4 -MD-2 activates the LPS signaling pathway, resulting in phosphorylation of nuclear factor B (NF-B) (9). NF-B activation induces high levels of proinflammatory cytokines, enzymes, and other mediators, including tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), IL-6, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) (10). By prompting the release of these inflammatory mediators, LPS not only activates both innate and adaptive immune responses at distal sites from the infection but also, in many cases, causes shock and death (11). Consequently, strategies that include prevention of ligand binding to TLR4 (12), blocking the interactions of TLR4 and adaptors in signaling pathways (13), and suppressing NF-B signaling pathways (14) have been reported to be effective in intervening in the development of experimental sepsis.
D
espite significant advances in the development of antimicrobial chemotherapy and supportive strategies, sepsis remains a significant cause of morbidity and mortality in humans (1) . In North America, more than 750,000 patients develop sepsis annually and about 215,000 of the cases of sepsis result in death. The incidence is gradually increasing by about 1.5% per year (2) . Evidence indicates that sepsis-induced lethality is often accompanied by a failure to develop appropriate immune responses to invading pathogens, particularly to their components (3, 4) . Lipopolysaccharide (LPS) is a main constituent of Gram-negative bacterial cell walls (5) and is considered a leading cause of sepsis (6) . Toll-like receptor 4 (TLR4) and its coreceptor, myeloid differentiation factor 2 (MD-2), form a heterodimer to recognize LPS because mice lacking either molecule are hyporesponsive to LPS (7, 8) . The interaction between LPS and TLR4 -MD-2 activates the LPS signaling pathway, resulting in phosphorylation of nuclear factor B (NF-B) (9) . NF-B activation induces high levels of proinflammatory cytokines, enzymes, and other mediators, including tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), IL-6, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) (10) . By prompting the release of these inflammatory mediators, LPS not only activates both innate and adaptive immune responses at distal sites from the infection but also, in many cases, causes shock and death (11) . Consequently, strategies that include prevention of ligand binding to TLR4 (12) , blocking the interactions of TLR4 and adaptors in signaling pathways (13) , and suppressing NF-B signaling pathways (14) have been reported to be effective in intervening in the development of experimental sepsis.
Ginseng, the root of Panax ginseng C.A. Meyer (Araliaceae), has been used as a tonic in traditional Chinese medicine for more than 2,000 years. Ginseng saponins (ginsenosides) have been found to have adjuvant effects on the immune responses in cattle, pigs, mice, and rats (15) (16) (17) (18) . To date, more than 40 ginsenosides have been identified in the plant (19) . Our investigation has demonstrated that the adjuvant activities of ginsenosides Rg1 and Re are closely related to the TLR4 signaling pathway, as the saponins exhibit adjuvant activity in normal animals but not in mice carrying a mutation in the Tlr4 gene (20) . In addition, reinduced expression of NF-B in macrophages has been suppressed by blocking TLR4 with specific antibodies. We therefore hypothesized that Rg1 and Re may compete with LPS to bind to TLR4 and could be useful in the treatment of LPS-induced sepsis. In the present study, we have investigated Rg1 and Re for their inhibition of proinflammatory mediators induced by LPS in vitro and in vivo, interference with LPS binding to TLR4, and protection against LPS-induced lethality.
MATERIALS AND METHODS
TAK-242 and ginsenosides Rg1 and Re. Ginsenosides Rg1 and Re, members of a class of steroid glycosides and triterpene saponins found exclusively in Panax ginseng, were purchased from Hongjiu Biotech Co. Ltd. (Dalian, China). The purity of each ginsenoside was Ͼ98% as determined by the high-performance liquid chromatography (HPLC) method. Ethyl (6R)-6-[N-(2-chloro-4-fluorophenyl) sulfamoyl] cyclohex-1-ene-1-carboxylate (TAK-242) was purchased from Shanghai Biochembest Co. Ltd. The chemicals were dissolved in dimethyl sulfoxide (DMSO) for the preparation of the stock solutions, which were further diluted in culture medium to make the working solutions. The working solutions were passed through a gel endotoxin-removing column (Pierce), and the endotoxin level was tested using a Limulus reagent kit. Endotoxin levels were Ͻ0.5 U/ml. Cells. RAW264.7 and RAW-Blue cells were purchased from InvivoGen (San Diego, CA, USA). RAW-Blue cells were derived from RAW264.7 macrophages with chromosomal integration of pNiFty-SEAP, a plasmid expressing the secreted embryonic alkaline phosphatase (SEAP) gene under the control of an NF-B-inducible ELAM-1 (E-selectin) promoter (21) .
Animals. Male Sprague Dawley rats and BALB/c mice were purchased from the Shanghai Laboratory Animal Center and Charles River Laboratories (St. Constant, Quebec, Canada). Animals were housed under specific-pathogen-free conditions and used in accordance with the recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animal care/use protocols were approved by the Zhejiang University Institutional Animal Care and Use Committee and the Institute for Biological Sciences (National Research Council Canada) Animal Care Committee.
Rabbit anti-Rg1 and anti-Re polyclonal antibodies. Rg1-and Rebovine serum albumin (BSA) conjugates were synthesized by a modified procedure (22) . Rabbit anti-Rg1 and ant-Re polyclonal antibodies (1: 40,000) were prepared as described previously (22) .
SEAP reporter assay. RAW-Blue cells (2 ϫ 10 6 cells/ml) were cultured with Rg1 or Re at 10, 30, 50, or 70 g/ml in macrophage-serum-free medium (macrophage-SFM) (Invitrogen, Grand Island, NY, USA) for 1 h and then stimulated with LPS (Escherichia coli O111:B4) (InvivoGen) at 1 g/ml for 20 h. Supernatants were collected and added to QuantiQuanta-blue substrate (InvivoGen). The SEAP activity was measured at 630 nm by the use of an enzyme-linked immunosorbent assay (ELISA) plate reader.
Quantitative RT-PCR. RAW264.7 cells (1 ϫ 10 7 /ml) were cultured with Rg1 or Re at 50 g/ml in macrophage-SFM for 1 h and then stimulated with LPS at 1 g/ml for 20 h. After that, cells were lysed in 1 ml of RNAiso Plus (TaKaRa, Dalian, China) for RNA extraction. The extracted total RNA was mixed with iScript reagent (Bio-Rad) for reverse transcription (RT). Relative quantification of target cDNA genes to ␤-actin was conducted on an ABI 7500 system (PE/Applied Biosystems). The primers for target genes and ␤-actin were designed using Primer Express 5.0 (PE Applied Biosystems). Results are reported as n-fold differences relative to target gene mRNA expression in the calibrator group (23) .
The following primers were used: for ␤-actin, 5=-AGCGGTTCCGAT GCCCT-3= and 5=-AGAGGTCTTTACGGATGTCAACG-3=; for TNF-␣, 5=-CCTATGTCTCAGCCTCTTCT-3= and 5=-CCTGGTATGAGATAGC AAAT-3=; for IL-1␤, 5=-GGCAACTGTTCCTGAACTCAACTG-3= and 5=-CCATTGAGGTGGAGAGCTTTCAGC-3=; for iNOS, 5=-CCCTT CCGAAGTTTCTGGCAGCAGC-3= and 5=-GCCTGTCAGAGCCTCGT GGCTTTGG-3=; and for COX-2, 5=-TTCAAAAGAAGTGCTGGAAAA GGT-3= and 5=-GATCATCTCTACCTGAGTGTCTTT-3=.
Western blotting. The lysed cells in radioimmunoprecipitation assay (RIPA) lysis buffer and sera were adjusted to the same protein concentra- tion by the use of bicinchoninic acid (BCA) reagent (Sangon Biotech, Shanghai, China) and then diluted with 2ϫ Laemmli sample buffer (1:1) and boiled for 5 min. After centrifugation (12,000 ϫ g) at 4°C for 5 min, 20 l of diluted samples was loaded onto a 12% (wt/vol) separating gel and 5% stacking gel (SDS-polyacrylamide gel electrophoresis). The protein was transferred onto an Immobilon-p transfer membrane. The membrane was washed and then blocked in 5% blocking buffer (skim milkTris-buffered saline [TBS]) for 1 h at 37°C in the incubator shaker. After three washes in TBST (TBS containing 0.1% Tween 20), the membrane was incubated with target protein antibody at 4°C overnight. The membrane was washed three times in TBST, followed by incubation with the secondary antibody for 1.5 h at 4°C. After the final wash, the immunoblot was developed with BeyoECL Plus (Beyotime) according to the manufacturer's instructions and the images were captured by the use of a ChemiScope Mini imaging system (Clinx Science Instruments Co., Beijing, China).
Inhibition of LPS binding to TLR4. RAW264.7 cells (1 ϫ 10 5 cells/ml) were incubated with Rg1 or Re at 10, 30, 50, or 70 g/ml and then stimulated with Alexa Fluor 594-LPS (Molecular Probes, Grand Island, NY, USA) at 10 g/ml. After removing the supernatant, cells were fixed with Immunol staining fix solution. TLR4 in the cells was labeled with rat anti-mouse TLR4 monoclonal antibody (1:300), and rabbit anti-rat IgG conjugated with DyLight 488 (Cell Signaling Technology) (1:200) was used as a secondary antibody. The cells were observed under an inverse confocal laser scanning microscope (FV1000; Olympus). The images were acquired using Olympus confocal software (FV10-ASW 3.1).
Distribution of Rg1 and Re in cells. RAW264.7 cells (1 ϫ 10 5 cells/ml) were incubated with Rg1 or Re at 50 g/ml, and the cells were then fixed with Immunol staining fix solution (Beyotime Biotechnology, Haimen, China). The fixed cells were incubated with rabbit anti-Rg1 or anti-Re antibody (1:300), and goat anti-rabbit IgG (Alexa Fluor 594 conjugate) (Cell Signaling Technology, Shanghai, China) (1:500) was used as a secondary antibody. The cell nucleus was stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) (Roche, Shanghai, China) (1 g/ml), and the cell was stained with 3,3=-dioctadecyloxacarbo-cyanine perchlorate (Dio) (Biotium, Hayward, CA, USA) (10 g/ml). The stained cells were observed under an inverse confocal laser scanning microscope (FV1000; Olympus). Images were acquired using Olympus confocal software (FV10-ASW 3.1).
Log P of Rg1 and Re. Log octanol/water partition coefficient (log P) values were calculated in MOE according to the Wildman and Crippen model (24) (25) (26) .
LPS-induced inflammation in rats. Sprague Dawley rats were intravenously administered saline solution, 1 mg of Rg1/kg body weight (1 mg/kg Rg1), 1 mg/kg Re, or 1 mg/kg TAK-242, a novel TLR4 inhibitor (27) . Fifteen minutes later, rats were challenged with 2.5 g/kg LPS. Body temperature was measured before and after drug administration. Anticoagulated blood samples with EDTA were collected for white blood cell (WBC) counts at indicated time points using a ProCyte Dx automatic blood cell analyzer (IDEXX Laboratories, Westbrook, ME). Additional blood samples were collected at 4 h post-drug injection and used for preparation of serum to analyze proinflammatory mediators. The proinflammatory cytokine responses were detected by Western blot assay. The levels of nitric oxide (NO) and prostaglandin E2 (PGE2) in samples were determined by the use of a NO detection kit (Beyotime) and a PGE2 assay kit (R&D Systems, Shanghai, China), respectively, according to the manufacturer's protocols.
LPS-induced lethality in mice. To examine the prophylactic effect of Rg1 and Re on LPS-induced lethality, 6-to 8-week-old BALB/c mice were randomly assigned to 7 groups with 10 mice in each group. The mice were either left untreated or subcutaneously injected with 2.5, 5, 10, or 20 mg/kg Rg1, 20 mg/kg Re, or 5 mg/kg TAK-242 3 times at 30-min intervals and then challenged with LPS (20 mg/kg) 15 min later.
To test the therapeutic effect of Rg1 and Re on LPS-induced lethality, BALB/c mice were assigned to 5 groups with 10 mice in each group. The mice were injected intraperitoneally (i.p.) with 20 mg/kg LPS. Fifteen minutes later, mice were subcutaneously injected with 10 mg/kg Rg1, 20 mg/kg Re, or 5 mg/kg TAK-242 3 times at 30-min intervals or left untreated. Survival rates were recorded for 60 h. 
The effect of Rg1 and Re treatment on LPS-induced sepsis in mice.
Six-to 8-week-old BALB/c mice were randomly assigned to 5 groups (n ϭ 9 per group). The mice in the first 4 groups were subcutaneously injected with 10 mg/kg Rg1, 20 mg/kg Re, or 5 mg/kg TAK-242 3 times at 30-min intervals or left untreated and were then challenged with 20 mg/kg LPS 15 min later. The mice in the fifth group were injected with LPS first and then subcutaneously administered 10 mg/kg Rg1 3 times at 30-min intervals (referred to here as the posttreatment mice). Three mice in each group were euthanized at 4, 8, or 12 h post-LPS administration for blood collection. Another 5 naive mice were euthanized and sampled at h 0. Samples of blood treated with EDTA were collected for WBC counts, and those without anticoagulant were harvested for serum separation to analyze proinflammatory mediators.
Total WBCs were enumerated using a hemocytometer after removal of red blood cells by the use of ammonium-chloride-potassium (ACK) lysis buffer, and differential cell counts were determined on blood smears stained with Hema-3 (Fisher Scientific, Middletown, VA, USA). Concentrations of proinflammatory cytokines and chemokines were measured by the use of a Milliplex mouse cytokine/chemokine kit (Millipore, Billerica, MA) and a Luminex 100IS system (Luminex Corporation, Austin, TX, USA). Levels of PGE2 and NO were determined by the use of a PGE2 assay kit and a total nitric oxide assay kit (R&D Systems), respectively, according to the manufacturer's protocol.
Statistics. Data were expressed as means Ϯ standard deviations (SD) and evaluated by the two-tailed Student's t test. Survival data were analyzed using the log-rank test. Differences between groups were considered significant at the level of P Ͻ0.05.
RESULTS

Rg1 or Re inhibits proinflammatory responses in LPS-stimulated macrophages.
Previous investigation showed that Rg1, Re, and LPS enhanced the immune responses to ovalbumin in C3H/ HeB but not C3H/HeJ mice with a mutation in the Tlr4 gene (20) . Based on that result, we hypothesized that Rg1 or Re might share the binding site of TLR4 in mammalian cells with LPS. To determine whether Rg1 and Re affect LPS-induced NF-B activation, we first treated RAW-Blue cells with Rg1 or Re at various concentrations and then stimulated them with LPS. Figure 1A shows that LPS stimulated NF-B phosphorylation, resulting in the high SEAP activity. However, pretreatment with Rg1 at 30, 50, and 70 g/ml or Re at 50 and 70 g/ml significantly inhibited SEAP activity. Furthermore, Rg1 exhibited significantly higher inhibitory activity than Re (Fig. 1A) .
To analyze Rg1 and Re for their effects on proinflammatory mediators released from LPS-stimulated cells, we incubated RAW264.7 cells with 50 g/ml Rg1 or Re and then stimulated the cells with LPS. Levels of mRNA and protein expression of these mediators were measured by real-time PCR or Western blot analysis. Results showed that both Rg1 and Re significantly suppressed mRNA expression of TNF-␣, IL-1␤, IL-6, COX-2, and iNOS (Fig.  1B) and inhibited the upregulation of the corresponding proteins (Fig. 1C) . In addition, Rg1 or Re treatment also significantly decreased the production of NO (Fig. 1D) and PGE2 (Fig. 1E) .
Rg1 or Re pretreatment prevents LPS from binding to TLR4. To test the effect of Rg1 and Re on LPS binding to TLR4, we first incubated RAW264.7 cells with Rg1 or Re at 10, 30, 50, or 70 g/ml and then stimulated the cells with LPS. Figure 2 shows that the staining intensity of LPS colocated with TLR4 decreased with the increased concentrations of Rg1 ( Fig. 2A) and Re (Fig. 2B ) pretreatment, indicating that Rg1 or Re prevented LPS from binding to TLR4.
Distribution of ginsenosides Rg1 and Re in cells. We previously found that incubation of mouse macrophages with Rg1 or Re in vitro activated NF-B expression whereas pretreatment of the cells with TLR4 neutralizing antibody suppressed Re-but not Rg1-induced NF-B expression, suggesting that Rg1, but not Re, penetrates the cell membrane and activates intracellular TLR4 signaling (20) . To confirm this hypothesis, we incubated RAW264.7 cells with 50 g/ml Rg1 or Re and then stained the cells with Rg1-or Re-specific antibody. As shown in Fig. 3 , red staining was detected in both extracellular and intracellular areas of the cells incubated with Rg1 (Fig. 3A) , while the red staining was found only on the cell surface of the cells treated with Re (Fig. 3B) , suggesting that Rg1 can go inside the cells but Re cannot. The log octanol/water partition coefficient (log P) of a molecule reflects its ability to pass through the lipid bilayer (28) . According to the Wildman and Crippen model (25, 26) , log P of Rg1 is 1.12 and log P of Re is Ϫ0.03. 
Rg1 or Re treatment suppresses the inflammation induced by LPS in rats.
To investigate the in vivo anti-inflammatory potential of Rg1 and Re, we first injected 1 mg/kg Rg1 or Re into rats and then challenged the animals with LPS. Changes in body temperature in response to LPS with or without pretreatment are shown in Fig. 4A . The injection procedure itself caused a transient stressinduced increase in body temperature of ϳ1.2°C in each group. Thereafter, LPS-challenged rats without pretreatment developed a robust biphasic fever, with the first peak reaching ϳ1.5°C at 2 h and the second peak reaching 1.8°C at 4 h. In contrast, the temperature changes for the Rg1-, Re-, and TAK-242-treated groups were only 0.9, 1.2, and 0.8°C at 2 h and 1.3, 1.4, and 1.0°C at 4 h, respectively. These results indicate that pretreatment with Rg1, Re, or TAK-242 significantly attenuated LPS-induced alterations in body temperature. Figure 4B shows that LPS challenge increased the WBC counts whereas pretreatment with 1 mg/kg Rg1, Re, or TAK-242 significantly decreased this change. Besides, LPS elevated the levels of serum inflammatory mediators TNF-␣, IL-1␤, IL-6, COX-2, and iNOS (Fig. 4C) as well as the levels of NO and PGE2 ( Fig. 4D and  E) . Pretreatment with Rg1, Re, or TAK-242 suppressed the increases seen with all the mediators.
Rg1 or Re treatment increases the survival of mice inoculated with LPS. Intraperitoneal injection of LPS at a dose of 20 mg/kg was lethal to mice, and 70% to 80% of the mice died within 60 h (Fig. 5) . However, pretreatment of the mice with Rg1 (Fig. 5A) or Re (Fig. 5B ) increased their survival rates in a dose-dependent manner. With the doses of Rg1 or Re increased from 2.5 to 5 mg/kg, the survival rate was elevated from 60% to 90% (Rg1) or from 30% to 40% (Re). All the mice administered Rg1 at a minimal dose of 10 mg/kg were protected from death compared to 80% survival of mice treated with an equal dose of Re. To protect all the mice, 20 mg/kg Re was needed.
On the basis of the results described above, administration of 10 mg/kg Rg1 and 20 mg/kg Re after LPS challenge was performed to evaluate the therapeutic effect of Rg1 and Re on LPS-induced sepsis in mice. As shown in Fig. 5C , 10 mg/kg Rg1 significantly raised the survival rate to 90% compared to 30% in the control group. However, no increased survival was observed in posttreatment mice administered 20 mg/kg Re.
Rg1 or Re treatment attenuates the sepsis induced by LPS in mice. As shown in Fig. 6 , the lethal dose of LPS administration led to a wave-shaped change in the populations of total WBCs and lymphocytes, in which the numbers decreased at 4 h postadministration and slightly rebounded at 8 h but dropped again at 12 h, while the number of neutrophils decreased at 4 h and gradually recovered between 8 and 12 h compared to the numbers seen with naive mice (0 h). In contrast, the number of total WBCs in the preor post-Rg1 (10 mg/kg Rg1 plus LPS or LPS plus 10 mg/kg Rg1)-treated mice increased remarkably and became significantly Groups of rats (n ϭ 6 per group) were intravenously injected with saline solution, Rg1, Re, or TAK-242 (1 mg/kg) 15 min before challenge with LPS (2.5 g/kg). An additional group of rats were injected with saline solution only as a control. Body temperature was measured (A) and WBCs were counted (B) at the indicated time points. (C to E) Effect of Rg1 and Re on inflammatory mediators. Rats were treated in the same way as described for panel A. Blood samples were collected 4 h after LPS challenge for determination of TNF-␣, IL-1␤, IL-6, COX-2, and iNOS levels by Western blot analysis (C), and analyses of NO (D) and PGE2 (E) levels were performed using NO and prostaglandin E2 assay kits. Values are means Ϯ SD (n ϭ 6).*, P Ͻ 0.05; ** P Ͻ 0.01; ***, P Ͻ 0.001 (two-tailed Student's t test).
higher than in the mice in the untreated LPS group at 12 h (P Ͻ 0.05). Similar although not statistically significant changes were also observed with the number of neutrophils at 12 h. The number of lymphocytes from Rg1 posttreatment mice was significantly higher than in the LPS group (P Ͻ 0.05) at 12 h, while the levels of the lymphocytes from Rg1-pretreated mice stayed low after LPS administration and were significantly lower at 4 and 8 h (P Ͻ 0.05 at 4 h; P Ͻ 0.01 at 8 h) than the levels of those from mice in the LPS group. Moreover, Re pretreatment resulted in strong to significant increases in the number of total WBCs at 12 h (P Ͻ 0.05) and the numbers of neutrophils at 4, 8, and 12 h (P Ͻ 0.01 at 8 h) and in significant decreases in the number of lymphocytes at 8 h (P Ͻ 0.001), compared to those in the group of mice administered LPS alone. Treatment with TAK-242, as a positive control in this study, significantly increased the number of neutrophils at 4 h (P Ͻ 0.01) and reduced the numbers of total WBCs and lymphocytes at 8 h (P Ͻ 0.05 for total WBCs; P Ͻ 0.01 for lymphocytes).
After lethal LPS administration, the serum levels of proinflammatory cytokines and chemokines increased significantly and stayed high during the following 12 h (Fig. 7A) . Rg1 pretreatment significantly reduced the production of IL-1␤ (P Ͻ 0.01 at 8 h; P Ͻ 0.001 at 12 h), TNF-␣ (P Ͻ 0.05 at 4 h; P Ͻ 0.01 at 8 h; P Ͻ 0.05 at 12 h), IL-6 (P Ͻ 0.01 at 12 h), KC (P Ͻ 0.05 at 4 h), and MIP-2 (P Ͻ 0.01 at 8 h; P Ͻ 0.001 at 12 h). Similarly, Re pretreatment strongly decreased the amounts of IL-1␤ (P Ͻ 0.001 at 8 and 12 h), TNF-␣ (P Ͻ 0.01 at 4 h; P Ͻ 0.001 at 8 h; P Ͻ 0.05 at 12 h), and MIP-2 (P Ͻ 0.01 at 4 h; P Ͻ 0.001 at 8 and 12 h). Moreover, obvious declines in production of IL-1␤ (P Ͻ 0.001 at 8 h; P Ͻ 0.05 at 12 h), TNF-␣ (P Ͻ 0.05 at 4 h; P Ͻ 0.001 at 8 h), and MIP-2 (P Ͻ 0.05 at 4 h; P Ͻ 0.001 at 8 h; P Ͻ 0.05 at 12 h) were also observed in the Rg1 posttreatment group after LPS administration. Consistently, the serum PGE2 level also strongly increased after LPS administration (Fig. 7B) . As expected, pretreatment with Rg1or Re significantly reduced the amount of PGE2 at 4 h (P Ͻ 0.05 for Re), 8 h (P Ͻ 0.05 for both Rg1 and Re), and 12 h (P Ͻ 0.05 for Rg1; P Ͻ 0.01 for Re). Also, Rg1 posttreatment significantly decreased the amount of PGE2 at 8 h (P Ͻ 0.05). For the NO analyses, due to the availability of only limited amounts of serum samples from each group at each time point, we pooled all the samples from each group at each time point. Still, we found that the serum NO level increased strongly after LPS inoculation, especially at 12 h, but was obviously reduced by the pretreatment with Rg1, Re, and TAK-242 and by the Rg1 posttreatment as well (Fig. 7C) .
DISCUSSION
TLR4 selectively recognizes bacterial LPS (7, 11) , rapidly triggering proinflammatory processes. However, hyperinflammatory host responses can cause life-threatening syndromes such as acute sepsis and septic shock. Infection by Gram-negative bacteria has become the major cause of deaths in intensive care units and is associated with a mortality rate of about 45% (29) . Molecules with LPS antagonistic activity that can inhibit TLR4 activation are potential compounds for clinical management of sepsis. In this study, we demonstrated that Rg1 and Re suppressed production of multiple inflammatory mediators such as TNF-␣, IL-1␤, IL-6, COX-2, and iNOS in LPS-stimulated cells (Fig. 1) , inhibited LPSinduced increases in the levels of body temperature, WBCs, serum TNF-␣, IL-1␤, IL-6, COX-2, iNOS, NO, and PGE2 in rats (Fig. 4) , attenuated lethal sepsis (Fig. 6 and 7) , and protected mice from death (Fig. 5 ) in a mouse model of endotoxin shock.
Excessive production of multiple inflammatory mediators has been shown to be closely connected with the symptomatology and pathogenesis of sepsis in clinical studies of both animals and humans (30) . Consequently, regulation of multiple mediators could be more important than suppression of a single mediator. In fact, agents targeting a single mediator such as anti-TNF-␣ monoclonal antibody and IL-1 receptor antagonist are usually ineffective in the treatment of sepsis, since other inflammatory signaling pathways are not controlled (31, 32) . In contrast, Rg1 and Re suppressed the production of multiple inflammatory mediators both in vitro (Fig. 1B, C, D , and E) and in vivo (Fig. 4C, D, and E and 7) .
The induction of inflammatory responses by endotoxin is achieved by the orchestrated action of LPS-binding protein (LBP), CD14, MD-2, and TLR4 (33) . LBP interacts with LPS and trans-
FIG 6
Effect of Rg1 and Re treatment on WBC populations in mice. BALB/c mice were randomly assigned to 5 groups (9 mice per group). The mice were subcutaneously injected with 10 mg of Rg1/kg body weight (mg/kg Rg1), 20 mg/kg Re, or 5 mg/kg TAK-242 3 times at 30-min intervals or left untreated and were then challenged with 20 mg/kg LPS 15 min later. An additional group of mice were injected with LPS first and then subcutaneously administered 10 mg/kg Rg1 3 times. Three mice in each group were euthanized for blood collection at the indicated time points. Another 5 naive mice were euthanized and sampled at h 0. Total and differential WBC counts in the EDTA-treated blood samples were determined. Values are means Ϯ SD. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (compared to the group administered LPS alone by the two-tailed Student's t test).
fers it to CD14 (34, 35) . CD14 is expressed on the myelomonocytic cells as a glycosylphosphatidylinositol-linked glycoprotein or in soluble form (sCD14) in serum (36) . Monomeric LPS-CD14 and LPS-MD-2 are the complexes for activation of TLR4/MD-2 and TLR4 (37) . After bonding to TLR4, LPS initiates cascade signaling involving interactions between a series of adapter proteins, which ultimately leads to phosphorylation of NF-B, an important transcription factor in regulating expression of various proinflammatory cytokines (38) . In this study, we demonstrated that pretreatment of Raw-Blue cells with Rg1 (30, 50, and 70 g/ml) or Re (50 and 70 g/ml) significantly downregulated LPS-induced phosphorylation of NF-B (Fig. 1A) . This is consistent with the suppressive effect of Rg1 and Re on LPS binding to TLR4 (Fig. 2) . Figure 5 shows that intraperitoneal injection of 20 mg/kg LPS killed 70% to 80% of the mice. Although the pathogenesis of LPSinduced lethality is not completely clear, systemic microcirculatory injury is considered to be a fundamental cause (39) . Excessive circulating levels of NO and proinflammatory cytokines increase endothelial permeability, which in turn provokes internal-organ edema and induces widespread tissue injury and multiple-organ dysfunction (40, 41) . In rats, 2.5 g/kg LPS caused acute inflammatory responses, including increases in body temperature and total WBC populations and in production of various proinflammatory mediators (Fig. 4) , while in the mouse shock model, besides high levels of multiple proinflammatory mediators, the lethal dose of LPS (20 mg/kg) led to decreases in the populations of total WBCs and lymphocytes and only negligible increases in the numbers of neutrophils (Fig. 6 and 7) , indicating that the host immune systems were severely damaged by the lethal LPS inoculation. However, in both cases, Rg1 or Re pretreatment effectively downregulated those responses and successfully protected 100% of the mice from septic death (Fig. 5A and B) . Such an antisepsis effect of Rg1 and Re may be due to their inhibition of LPS binding to TLR4. More importantly, the antisepsis effect of Rg1 at a dose of 10 mg/kg was even evident when it was given as a posttreatment, which rescued 90% of LPS-administered mice, suggesting that Rg1 has both preventative and therapeutic potential effects on LPS-induced sepsis. However, no protective effect was found in the posttreatment with 20 mg/kg Re.
The differences between Rg1 and Re in their antisepsis activities may be attributed to their differences in distribution in cells. Rg1 was able to pass through the membrane and interfere with LPS binding to both extracellular and intracellular TLR4 ( Fig. 2A  and 3A) , while Re located on the cell membrane and blocked LPS binding only to extracellular TLR4 (Fig. 2B and 3B ). In addition to the hyperinflammatory response in sepsis, immunosuppression also occurs and can be lethal due to substantial impairment of the innate immune system during the early stage of the sepsis devel- The mice were subcutaneously injected with 10 mg/kg Rg1, 20 mg/kg Re, or 5 mg/kg TAK-242 3 times at 30-min intervals or left untreated and then challenged with 20 mg/kg LPS 15 min later. An additional group of mice were injected with LPS first and then subcutaneously administered 10 mg/kg Rg1 3 times. Three mice in each group were euthanized for blood collection at the indicated time points. Another 5 naive mice were euthanized and sampled at h 0. Sera were prepared and used for the measurement of levels of proinflammatory cytokines and chemokines (A), PGE2 (B), and NO (C). Data are presented as means Ϯ SD (A and B) or means (C). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (compared to LPS alone group by the two-tailed Student's t test).
opment (42) . Treatment strategies aiming to suppress the excessive inflammation have been proven ineffective. Clinical trials performed with monoclonal antibodies targeting LPS, monoclonal antibodies targeting TNF-␣, and soluble receptors of TNF-␣ or recombinant IL-1r␣ failed to show a clinical benefit (43) . Therefore, regulation of immunosuppression as well as hyperinflammation could be more beneficial than suppressing hyperinflammation alone. Rg1 has dual roles in regulation of the immune responses: upregulation of the immune response as found in our previous studies (18, 20) and downregulation of the proinflammatory response as presented in this study. The bidirectional activities of Rg1 may be the reason for the higher rate of survival of Rg1-treated mice than of TAK-242-treated mice shown in Fig. 5C .
In conclusion, Rg1 and Re can prevent LPS from binding to TLR4 and block the LPS-triggered signaling pathway. Injection of Rg1 and Re into rats before LPS challenge suppressed LPS-induced increases in body temperature and in levels of WBCs and serum proinflammatory mediators. Preinjection of Rg1 at 10 mg/kg and Re at 20 mg/kg into mice increased the population levels of total and differential WBCs, downregulated the expression and production of multiple proinflammatory mediators, and rescued 100% of the mice from LPS-induced lethality. Even administered after LPS challenge, Rg1 still effectively suppressed inflammatory responses and protected 90% of the mice from death, while Re administration had no beneficial effect, with the treated mice showing the same survival rate as the control mice (30%). Higher anti-LPS activity of Rg1 than Re could be attributed to its ability to pass through the host cell membrane and prevent LPS from triggering both extracellular and intracellular TLR4. More importantly, Rg1 exerts up-and downregulatory actions on the immune system, which leads to higher survival in Rg1-treated mice than in TAK-242-treated mice, suggesting that Rg1 might be an ideal therapeutic agent for sepsis.
